This paper presents an empirical formula for preliminary loss allocation to each generator in a network. From the relationship of Incremental Transmission Loss (ITL) and the power outputs of generators, we have derived a preliminary loss allocation formula for each generator. To get the allocated losses to generators, the preliminary losses have been adjusted according to the correction factors calculated from them. Preliminary losses are adjusted so that the sum of allocated losses equals the total loss calculated by DC Optimal Power Flow (DC-OPF). Using DC-OPF the procedure for loss allocation including the preliminary loss calculation formula has been tested for 6-bus-3-generator and IEEE 118-bus-36-generator model power systems. Allocated losses calculated by our procedure have been compared with those of incremental method for the both model power systems and the features of the proposed method have been discussed.
Introduction
Because of the introduction of competition in the electricity supply industry, it has become much more important to be able to determine each generator's contribution to the system losses (1) . Taking into account the real impact of every transaction on the transmission system, one of the key issues in the restructured environment that refers to the way of transmission services is satisfactory loss allocation among all involved parties as accurately as possible (2) . But, due to the nonlinear characteristic of power flow, it is impossible to separate line flow perfectly and to allocate losses among network participants properly. Therefore, various loss allocation methods have been developed so far. They are briefly described as follows.
The proportional sharing technique (3) provides a computationally efficient procedure for loss allocation. However, only the first Kirchhoff's law is enforced and an additional assumption of the proportional sharing principle is required.
Circuit-based loss allocation (3) is based on a solved power flow and all its computations are based on the admittance matrix. Z-bus technique can yield negative allocation to reward some participants, which can be interpreted as cross subsidies.
Physical-flow-based approach (4) based on expressing losses in terms of all the transactions in the system. The main approximation of the methodology lies in treating the terms (θ i − θ j ) as constant coefficients. A different choice of slack bus may lead to change in total loss, such a difference has been neglected.
Pro rata technique (5) is one of the most commons. The loss components allocated are based on the bus generation or load * Department of Electrical and Electronic Engineering, Kitami Institute of Technology 165, Koen-cho, Kitami 090-8507 active power levels, but not on their relative location within the network. As a result, remotely located generators or demands benefit at the expense of all others. This is unfair for the load located near the generating buses. A well-known and probably most promising approach to allocate losses to generators is based on ITL which is related to angle of node voltages, line parameters and output power of the generators. Marginal procedure (5) based on ITL factors depends on the selection of slack bus. The ITL of the slack bus is zero by definition, thus the slack bus is allocated no losses. This is a drastic limitation for this method. Furthermore, ITL can be either positive or negative which may result in the allocation of negative losses to certain buses.
The incremental method in Ref. (6) is another ITL based method where the consideration of 'equivalent bilateral exchange' suffers from the lack of integrity because it requires highly sensitively dependent parameters for the specification of loss supply and load distribution strategies. The loss allocation for large increments in the load profile requires several number of integration steps. When a small number of integration steps is taken, the sum of the loss allocation components may not equal to the actual system losses.
Meanwhile, under open access environment, network participants are obliged to share the cost of transmission services, especially, sharing the cost of transmission losses becomes important issue and loss allocation methodology is certainly necessary. If a transmission network is used by a large power company meeting a big part of total demand and relatively small companies aiming at bilateral transactions, it is likely that, in the large company, to supply a specified load demand most economically, an operating schedule of generators might be determined by the ELD (Economic Load Dispatch) based approach where the objective function includes not only unit's operating cost but also transmission service charge of each unit depending on the allocated loss.
The incremental method based on ITL factors using ELD approach (7) depends on the incremented amount of power of each generator individually in every incremented load level. In this method, at some load levels, the power output of a generator may remain fixed to its lower or upper limit. In this case, incremented power of that generator is zero and hence, incremented loss is also zero. As a result, loss allocation to that generator becomes unfair. To overcome these drawbacks, for the economically dispatched power system, we have developed an ITL based loss allocation method using an empirical formula.
In the proposed method, ITL is calculated by using DC-OPF and we have developed an analytical function (empirical formula) for loss allocation as a function of the power output of generator. In the background of this empirical loss formula derivation the network components, node voltage angles are interrelated. Therefore, this loss formula is thoroughly network dependent. An attractive feature of this formula is its ability to calculate loss to each generator individually at the proximity of the loss should be allocated to each generator. Using this formula loss allocation can be done instantly and properly for any load level. The philosophy behind this method involves the concept of using a, b, c coefficients of empirical formula and also the constant 'd' to fit the formula to the observed transmission-loss data.
Mathematical Formulation
We know, if bus voltages are assumed to be constant, it can be shown that the total loss with respect to phase angle θ of node voltage (8) assumed to be 1 p.u. in every node is
Where, G i j is the real part of transfer admittance. θ i and θ j are phase angles of voltages at bus i and bus j respectively in a system of N buses, i = 1, 2, · · · , N and [∂L/∂θ i ] is an N dimensional row vector. We know, there is a close relationship between node power, node voltage angle and susceptance matrix of the network. So, the ITLs (8) have been calculated as follows:
where B is an (N × N) susceptance matrix. [∂L/∂P i ] is the sensitivity of the system losses with respect to injection at bus i. These are the well-known ITLs (8) - (10) . Calculating ITLs by Eq. (2) from minimum to maximum load levels (e.g. Table 1 ), the ITL versus power output curves are plotted in Fig. 1 . The relationship between ITL and power output of each generator can be realized from Fig. 1 . The general solution (see Appendix 1) for the curves in Fig. 1 can be written as follows:
Here, we call L pk as the preliminary loss to generator k in a system of n generators. The coefficients (a k , b k , c k in Eq. (3)) calculated by using polynomial curve fitting have individual set of numerical values for each curve in Fig. 1 . The solution Table 1 . Example of ITL and P (for model power system of Fig. 3 ) Fig. 1 . ITL versus Power output (P) curves for Table 1 of Eq. (3) is as follows:
The constant for integration 'd k ' is calculated by putting allocated loss and power output in Eq. (4) at minimum load level only. For this loss allocation at minimum load level, we have calculated the preliminary loss (L pk ) allocated to generator k as Eq. (5) and adjusted as Eq. (7) along with Eq. (6).
In other load levels (except the minimum one) the preliminary losses are calculated by using Eq. (4). The sum of preliminary losses may or may not exactly be equal to the total loss 'L' calculated by DC-OPF. Assuming that the total loss mismatch, (L − ΣL pk ), can be adjusted according to the proportion of preliminary losses, the correction factor (C k ) has been calculated as
Therefore, at a specific load level, the final loss allocation to generator k becomes as follows:
Now, the total of allocated losses is equal to the total loss calculated by DC-OPF of the network. i.e. ΣL k = L.
Algorithm-1 (Coefficient Calculation)
Based on each plot in Fig. 1 , it is possible that the data may be modeled by a polynomial function of Eq. (3). The unknown coefficients a k , b k and c k , can be computed by doing a least squares fit, which minimizes the sum of the squares of the deviations of the data from the model. Identification of the coefficients of the function (Eq. (3)) leads to the formulation of an overdetermined system of simultaneous equations. Depending on the data in Table 1 , there are 31 equations in three unknowns (a k , b k and c k ) for the curve of each generator ( Fig. 1 ). The number of overdetermined equations for ITL and P (power output) variables of each curve in Fig. 1 depends on the amount of incremented load and on minimum to maximum load levels allowed by the system.
To calculate the coefficients from a set of overdetermined simultaneous equations for each curve, we have used the 'polyfit' function (11) of MATLAB. The 'polyfit' function fits a curve in a least squares sense. The proposed algorithm-1 can be summarized as ( 1 ) Read network data and minimum load. Set loss = 0, penalty factor = 1. ( 2 ) Increase load by a small amount (incremented load). Table 2 . Coefficients of polynomial of curves in Fig. 1 In every iteration, a set of ITLs and power outputs of generators are stored in a file. The ITLs and Ps (Table 1) have been calculated by DC-OPF (8) for minimum to maximum load levels allowed by the system. From them (ITLs and Ps), in a least squares sense, the coefficients (a, b and c) are estimated and stored in a file for necessary usage.
The coefficients shown in Table 2 have been used in Eq. (4) to calculate preliminary losses to respective generators. Calculation of the integral constant 'd' has been described just below the Eq. (4).
Algorithm-2 (Transmission Loss Allocation)
The preliminary loss allocation calculated from the empirical formula (Eq. (4)) needs to be adjusted to the loss should be allocated to a generator. So, using Eq. (6), we need to estimate the correction factors from the preliminary losses. Using them, we can efficiently estimate the loss allocation to the generators. In this paper, we have chosen the minimum level of the system operation with a load that depends on the minimum limits of the generators. Using the well-known lambda search technique (12) , power output of each generator has been determined corresponding to total load and loss. DC-OPF has been used for the calculation of total loss L, phase angle θ of voltage of every node in the system. Hence, ITLs and penalty factors have been calculated. The proposed algorithm shown in Fig. 2 has been described as follows:
[
Step 1] Set total loss L = 0, penalty factor = 1 etc. The specified load level must be greater than or equal to minimum limits of the generators. Total demand (total load and loss) must not exceed the sum of upper limits of the generators.
Step 2] Outputs of the generators are calculated in the mode of economic load dispatch by using lambda search technique which ensures the constraint 'total power = total load + total loss'. Applying DC-OPF, the total transmission loss, angle of every node voltage, ITLs and penalty factors of the generators are obtained.
Step 3] The loop iteration stops when its condition becomes true. If the condition is false, we let the new power be old power and go back to the Step 2 where new power is calculated again (by using lambda search technique) to meet total load and total loss.
Step 4] The coefficients (a k , b k , c k in Eq. (3)) calculated by using polynomial curve fitting are read from file and are used in Eq. (4) to calculate preliminary losses.
Step 5] The correction factors for the adjustments of preliminary losses are calculated by Eq. (6) and final loss allocations are done by Eq. (7).
Simulation Results
To represent the effectiveness of our proposed algorithm-2 as shown in Fig. 2 , various simulation results have been presented for the following model power system (Fig. 3) . Here, we have assumed that generators are running under the mode of economic load dispatch.
General fuel cost function of the generators is F(P) = A + BP + CP 2 . Although 'polyfit' function of MATLAB can calculate the coefficients (a, b and c) efficiently, it can approximate the function in Eq. (3) for curves in Fig. 1 . So, necessary correction to the preliminary losses has been done according to Eq. (7) where correction factors are calculated from the preliminary losses as Eq. (6).
Loss Allocation For 6-Bus System
The difference between preliminary loss (Table 4 ) and allocated loss (Table 5 ) to a generator, at a specific load level, is due to automatic truncation and rounding up of floating numbers in line power flow and total loss calculations by using DC-OPF and also in preliminary loss and coefficients' calculations.
Allocated losses to three generators and total losses (MW) are shown in Table 5 . Here, specified load levels are 150 MW, Table 3 . Characteristic constants of thermal units Table 4 . Preliminary loss L pk using empirical formula of Eq. (4) 200 MW and so on. Total losses have been calculated by DC-OPF (100 MVA base).
The allocated loss to generator 3 at load level 200 MW is lower than that of 150 MW. Though load has been increased from 150 MW to 200 MW, the contribution of generator 3 in power flow has comparatively been shrunk (from 16.3% to 12.14% of total power). Because the output of Generator 3 remains closed to its minimum limit at load level 200 MW. On the other hand, generators 1 and 2 have contributed more power to the network. So, decremented loss allocation to generator 3 at load level 200 MW becomes logically acceptable.
At load level 400 MW, the total of preliminary losses differs 2.0074 MW from the total loss calculated by DC-OPF. In other load levels this difference is also small e.g. 0.2016 MW, 0.5311 MW and 0.9594 MW at load levels 200 MW, 250 MW and 300 MW respectively. Comparing respective losses to generators at several load levels in Table 4 (preliminary losses), Table 5 (allocated losses by empirical formula) and Table 6 (allocated losses by incremental method (7) , see Appendix 2), it is clear that the empirical loss formula (Eq. (4)) for each generator in a network can approximate the allocated loss to each generator.
Here, in Fig. 4 , it is shown that the total of preliminary losses found by using loss formula (Eq. (4)) and the total loss calculated by DC-OPF have been compared. Table 5 . Allocated loss L k using Eq. (7) Table 6 . Allocated loss (using incremental method (7) ) Fig. 4 . Total loss versus load curves Table 7 . Power output of the generators (6-bus system) Fig. 5 . Loss allocation at several load levels Fig. 6 . Allocated loss to units at various load levels Table 7 shows the power outputs of the generators at each load level under the mode of economic load dispatch. In both loss-allocation methods, Table 5 (using empirical formula) and Table 6 (using incremental method), power outputs of the generators are commonly determined by economic load dispatch mode. As a result, in the corresponding load levels, power outputs in both loss-allocation methods are the same.
Here, in Fig. 5 , it is shown that the total of allocated losses is equal to the total loss calculated by DC-OPF at the specified load levels of 150 MW through 400 MW. Similar coincidence of total loss to the sum of allocated losses can be shown at any load level within the range of load capacity of the 6-bus-3-generator system. For the sake of comparison, Fig. 6 also shows loss allocation to each generator (Gen.#1, Gen.#2, Gen.#3) at several load levels (150 MW through 400 MW) as specified in the legend and also in Table 5 . 
Statistical Analysis
Putting the values of coefficients (a, b and c) in Eq. (3), the ITLs are recalculated and compared with those of from algorithm-1, Table 1 . It is found that the correlation coefficients (11) for ITLs by DC-OPF and ITLs by Eq. (3) for the curves of generators 1, 2 and 3 are 0.9999, 0.9999 and 0.9975 respectively. Therefore, certainly, there is a strong relationship between the ITLs by DC-OPF and ITLs by Eq. (3), as the results are close to 1. This is the proof of integrity, accuracy and efficiency of the coefficients (a, b and c) calculations by the 'polyfit' (11) function of MAT-LAB. This analysis also bears the testimony and effectiveness of the proposed 'Empirical formula' for preliminary loss calculation. The total number of coefficients in Eq. (3), for the best fit of data, should be increased especially in complex networks (i.e. IEEE 118-bus system). Nevertheless, calculating and using three coefficients (a, b, c) for the IEEE 118-bus system, we have got expected results which have eventually compared with those of incremental method (7) for the same system.
Loss Allocation For 118-Bus System
To represent the effectiveness of our proposed algorithm-2 (Fig. 2) , the simulation has been done for the IEEE 118-bus-36-generator model power system. Here, we have assumed that all generators are running under the mode of economic load dispatch. Using the coefficients calculated for IEEE-118-bus-36-generator system, allocated losses (MW) to generators and total losses (MW) at several load levels have been shown in Table 8 , where specified load levels are 3000 MW, 3500 MW and so on. Total loss in each load level has been B 125 11 2005 Table 9 . Allocated loss (using incremental method (7) ) calculated by DC-OPF in the base of 1000 MVA. To calculate the coefficients (a, b, c) for each of the 36 generators, around 1000 overdetermined simultaneous equations (using the same idea for data in Table 1 ) have been prepared. The number of overdetermined equations with ITL and P variables for every generator depends on the amount of incremented load (algorithm-1) and on minimum (1899 MW) to maximum (6595 MW) load levels allowed by the system. Allocated losses (Table 8) calculated by using empirical formula have been compared with those of calculated by using incremental method ( Table 9 ). The decrement of allocated losses to the generators which outputs remain fixed to their lower or upper limits (for load levels 3000 MW to 5500 MW unit no.1 through 7, 12 through 18 and also 22 through 27 remain fixed in their lower limits), even though total load has been increased, is because of the decrement of contribution in power flow in the network from those generators. It has clearly been described in Section 5.1.
For the sake of comparison, the power outputs of generators corresponding to Table 8 and Table 9 are shown in Table 10 . In both loss-allocation methods, Table 8 (using empirical formula) and Table 9 (using incremental method), power outputs of the generators are commonly determined under the mode of economic load dispatch. As a result, in the corresponding load levels, power outputs in both loss-allocation methods are the same.
Here, in Table 11 , it is shown that the total of preliminary losses to 36 generators, calculated by using empirical loss formula Eq. (4), and the total loss calculated by DC-OPF Table 10 . Power output of the generators (118-bus system) Table 11 . Comparison of total loss to total Pre. Loss have been compared. As the respective total losses (Table 11) are closed to each other, the individual losses (preliminary loss and allocated loss) to each of 36 generators are closer than the total ones. The closeness of allocated losses to the respective generators in Table 8 (using empirical formula) and Table 9 (using incremental method) proves again the authenticity of loss allocation on the basis of empirical loss formula. The advantage of using empirical loss formula over incremental method (7) of loss allocation is that if the coefficients have been known (by algorithm-1) the loss allocation can be done (by algorithm-2) instantly and properly for any load level.
Application of The Proposed Method To a Power Market Including Bilateral Transactions
As mentioned earlier, the proposed method is applicable to a power market where a transmission network is used by a large power company and relatively small companies engaged in bilateral transactions. In this situation, after the simulations on the two cases of including and excluding bilateral transactions, we can estimate the allocated loss to each generator in a large power company as follows.
(Case 1) For a system "including" bilateral transactions, apply the proposed method and estimate total loss L and loss allocation L k for a generator k in a large power company.
(Case 2) For a system "excluding" bilateral transactions, Table 12 . Allocated losses including and excluding bilateral transactions at load level 4000 MW estimate total loss L. Therefore, using the total losses L and L, the loss to be allocated to the bilateral transactions is L B = L − L, and the allocated loss L k can be modified to L k so that the loss to be allocated to a large power company becomes L. That is Table 12 shows an example of loss allocations to the both cases of including and excluding bilateral transactions for the IEEE-118-bus system at 4000 MW load level, where we assume that there are two 100 MW bilateral transactions, one between nodes 99 and 5, another between nodes 116 and 24. From this table, we can see the affect of location of bilateral transactions for loss allocations in a large power company.
For example, the increment of loss allocation to the generators (19 and 28) residing the sight of bilateral load buses (5 and 24) occurs due to the increment of the slope of ITL vs P curves of the generators, though the outputs of these units have decreased, comparing to those of excluding bilateral case.
Conclusion
In this paper, the nontrivial issue of how power losses should be allocated among generators of the transmission service has been presented. Here, we have made an important consideration on transmission loss allocation by means of empirical loss formula for the generators. The form of loss formula (Eq. (4)) allows more flexibility in the assumptions relating to the manner in which each individual load varies with the total load. The coefficients a, b, c depends on network parameters and characteristics of generators. The curve fitting technique has been employed to approximate the ITL versus generated power curves shown in Fig. 1 . From the relationship of ITL and P, we have determined the empirical loss formula (Eq. (4)). To overcome the non-linear effect of power flow and power loss, we have modified the preliminary losses in Eq. (7) 
Relationship of ITL with Power Output
The equation of total transmission loss (13) (14) (for a 3-unit system) as a function of plant generation is
The partial derivative of Eq. (A1) with respect to power output P 1 can be expressed as follows:
Here b 1 = 2B 11 (15) as follows:
Where, ϕ(c 1 ) represents an arbitrary function. It is worthy of note that the constant of integration ϕ(c 1 ) consists of an arbitrary function of the variable considered constant during the integration (15) . ϕ(c 1 ) is the function of power outputs of generators except P 1 . Eq. (A3) is the same as Eq. (A1) but its formulation is different. Discarding the arbitrary function ϕ(c 1 ) from Eq. (A3) we can consider the rest of this equation for the preliminary loss L p1 to generator 1 (Eq. (A4)).
Similarly, the equation for preliminary losses to other generators can be formulated. So, the Eq. Table 1 .
(NOTE A:) In our procedure, the power outputs of the generators are realized under the mode of 'Economic Load Dispatch [ELD]'. At the same time; total loss and angle of every node voltage have been calculated by DC-OPF. Hence, in every load level, ITLs are determined considering the influence of power outputs which have met the total load and loss. Therefore, at a specific load level, ITL (for generator 1) can be expressed by Eq. (A2). Where c 1 can be considered constant for a small change in P 1 .
2. Incremental Method (7) Starting from the minimum load level, system total load is incremented by a small amount, then total loss, power output and power output change ∆P k are estimated by DC-OPF. In every iteration, incremented loss ∆L k to generator k is calculated. is the allocated loss estimated at the previous iteration. Eq. (A6) and Eq. (A7) are used at each incremented load level. This process is repeated until the desired load level is reached. So, finally, adjusted loss becomes the allocated loss to generator k at the desired load level. 
